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Description 

METHOD AND APPARATUS FOR RIVET 
REMOVAL AND IN-SITU REHABILITATION 
OF LARGE METAL STRUCTURES 

Background of Invention 

[0001] The present intention relates to rehabilitation of metal 
structures and in particular relates to rivet replacement 
and component part replacement on metal bridges. 

[0002] steel or iron bridges came into wide existence during the 

th 

19 century, and the use of rivets to fix structural com- 
ponents to one another covers a number of decades, ex- 
tending from before 1900 to at least the late 1950"s. Ac- 
cordingly, based on normal use and fatigue on such 
structures, a large number will need to be either rehabili- 
tated or replaced in the foreseeable future. Smaller struc- 
tures are often easier and less expensive to replace in- 
stead of repair, but as the size of the structure increases, 
rehabilitation becomes a more attractive option, and in 
some circumstances an economic necessity. 



[0003] such steel or iron structures are formed by a large number 
of individual girders (using the term as broadly as possi- 
ble) as well as various connecting components such as 
splice plates. Many (and in some cases all) of these com- 
ponents are fixed together in place by rivets. Most typi- 
cally, a rivet spans two or more components that overlie 
one another in layers ("plies") to form a load-bearing con- 
nection. Such connections can suffer from particular load 
stresses from weakening of the component parts from 
degradation of the riveted connections, or from several or 
all such factors. In order to rehabilitate such connections, 
and regardless of whether a full component must be re- 
placed, the rivets must be removed from the plies and re- 
placed with another fastener. 

[0004] As examples of the potential scope of such repairs, esti- 
mated replacements potentially include 471,000 rivets on 
the Oakland Bay Bridge, 68,000 rivets on the Golden Gate 
Bridge and 156,000 rivets on the Manhattan Bridge. 

[0005] Replacing rivets in such structures raises a number of is- 
sues. First, current rivet removal methods are generally 
unsatisfactory and the effort, time and cost of replacing 
rivets is highly unpredictable. Such unpredictability makes 
it difficult or impossible for engineers and contractors to 



comply with contractual or environmental specifications 
without seeking variance or exemption. Furthermore, riv- 
ets must be replaced in a manner that limits substrate 
damage. 

[0006] The nature and manner in which rivets are typically used 
and placed in structures leads to certain of the removal 
problems. As generally well understood by those familiar 
with riveting techniques (even though these are used less 
frequently in current applications), a rivet with a pre- 
formed head at one end is heated to a temperature at 
which it is malleable, although not flowing as a liquid. The 
shaft or "shank"of the rivet is then inserted in pre-drilled 
holes in the various plies. The opposite end of the heated 
rivet is then typically hammered into place to form a sec- 
ond head that fixes the plies into the desired position or 
relationship. Hammering the rivet also helps the heated 
shank to expand to fill the rivet hole. The malleable char- 
acteristics of the heated rivet, however, also permit the 
rivet to be inserted into misaligned holes between the 
various plies. As the rivet cools it contracts and promotes 
a snug fit and the tightening of the connection into which 
it was inserted, including a tightening of misaligned holes 
between plies. As a result, many rivets are not aligned as 



simple cylinders in cylindrical openings, but instead are 
somewhat mis-shaped and are wedged between uneven 
plies (e.g. Figure 3). In an original structure, of course, 
such misalignment can help maintain the components to- 
gether. In a removal context, however, the misalignment 
greatly increases the difficulty of removing the rivet in 
conventional fashion. 

[0007] Rj vet removal is also subject to legal and regulatory over- 
sight usually by federal or state authority or both. For ex- 
ample, the United States Army Corps of engineers does 
not permit flame to be used (welding torches) and instead 
requires impact hammers and screw drills only. All of the 
various specifications require reaming and grinding of the 
opening that remains after the rivet has been removed 
and in each case if the substrate is damaged, the cost is 
charged back to the contractor. 

[0008] Furthermore, because most steel or iron structures are 

painted, and because the paint typically contains lead, the 
contractor is required to avoid the release of lead into the 
environment as the rivets are being removed and the 
bridge is being rehabilitated. Because controlling lead 
abatement is difficult in impact or flame removal tech- 
niques, the contractor is typically required to remove the 



lead-containing paint prior to any attempt to remove the 
rivet. Such removal typically requires an extra step of 
abrasive spot blasting carried out in a controlled fashion 
requiring total encapsulation or negative containment of 
paint debris and spent abrasive. 
[0009] | n conventional techniques, and following paint removal, 
the rivet head is typically beaten off with a pneumatic 
chisel or "washed"off with a torch. The shank of the rivet 
is then driven out with a pneumatic punch or drill. The re- 
sulting hole is then drilled and reamed to align the open- 
ing for the bolts which are typically used to replace rivets 
in modern rehabilitation techniques. Any burrs, divots, or 
sharp edges are typically removed from the opening with 
hand tools. 

[0010] As another problem, all of the conventional removal pro- 
cedures require skilled journeyman, tradespersons or the 
like, andbecause rivets are being used less frequently in 
large constructionsuch persons are becoming harder to 
find. 

[0011] As another problem, the times required to complete the 
conventional removal steps are not consistently repro- 
ducible and thus production rates are difficult to estimate. 
As a result, bids typically show large differences between 



contractors and their ability to reasonably estimate the 
degree of difficulty (and thus the cost) of removing the 
rivets. 

[0012] a s an additional problem much of the work in rehabilitat- 
ing bridge structures includes the repair or replacement of 
splice plates, fabricated shapes, and flanges. The majority 
of steel rehabilitation work thus occurs at critical connec- 
tions and areas of section loss as a result of corrosion in- 
herent with coating failure. In particular, spice plate over- 
lay is a significant source of seismic retrofit activity. These 
components are predominantly relatively small and often 
include tightly configured rivet patterns. Thus, replacing 
these components typically requires that the component"s 
shape, size and rivet location be carefully measured, the 
measurements sent to a fabrication shop, the replacement 
component manufactured at the shop and returned to the 
bridge, and then piece-matched in place on the bridge 
with any remaining adjustments being made in place by 
hand. As a result, tool positioning and fabrication are time 
consuming and difficult, requiring engineering drawings, 
contractor field verification, shop drawings, and as-built 
drawings. Such replacement also tends to lead to less ac- 
curate information, and a number of steps including pro- 



cess for education, inspection, and quality control, with a 
multiple handling required for each piece with significant 
logistical concerns for each piece. As another problem, 
the measurements and dimension data of older bridges is 
often inaccurately reported or the records are difficult to 
find or maintain. 

[0013] The time required for steel bridge rehabilitation, and par- 
ticularly for rivet removal and replacement leads to a 
number of secondary problems. These include extended 
overhead and liability; increased worker exposure and risk 
of injury; increased exposure to commuters on the road- 
ways being serviced; worker injuries and traffic congestion 
during the rehabilitation process In turn, traffic conges- 
tion leads to wasted fuel and wasted time; lower economic 
productivity and slow delivery of goods and services. 

[0014] As an example of the time requirements, the Long Island 
Bridge in Quincy, Massachusetts includes 120,000 rivets 
to be removed with replace-in-kind steel repair. The own- 
ers" engineers" estimate for the steel repair portion of the 
work includes 1000 days of contractor work. 

[0015] a number of sophisticated techniques for cutting metal 
have, of course, been developed since the days of a riv- 
eted construction. Several of these include the ability to 



cut steel at a relatively high rate of speed and in sophisti- 
cated patterns. Of these, the three most common are laser 
cutting, plasma arc cutting, and water jet. Laser cutting 
focuses the energy of an intense laser beam against a 
particular coordinate on a workpiece to be cut and then 
follows a pattern, usually, but not necessarily computer-di- 
rected, to make the cut. Such cutting tools have gained 
adoption in machine shops as their ease of use has in- 
creased and their relative cost has decreased. 

[0016] Laser cutting devices are difficult to mobilize, however, 
and because of focusing and power transmission issues, 
can typically only cut to a depth of between about 1 and 
1-1/4 inch. This results because the laser has to be posi- 
tioned close to the surface to be cut. In order to go 
deeper, the cutting head must get closer and in such cir- 
cumstances the cutting head simply will not fit into small 
holes of greater depth. In this regard, rivet holes are typi- 
cally at least 1-1/8 inch deep and often deeper. 

[0017] As another disadvantage, lasers are high-intensity light 
sources, exposure to which can cause physical injury to 
workers. In a machine shop environment where the typical 
laser device is gantry-mounted and more easily shielded, 
this raises little or no problem. These characteristics, 



however, make lasers disadvantageous for more uncon- 
ventional projects in ambient surroundings such as a rivet 
removal on existing outdoor structures where a cutting 
tool must be in frequent motion and occasionally (or al- 
ways) hand-held by an operator. 

[0018] plasma arc torches, which cut by establishing a high- 
temperature electric arc between the cutting head and a 
metal workpiece (which typically acts as the ground for 
the arc) offer a number of the same advantages as lasers 
in controlled circumstances. Their disadvantages in reha- 
bilitation environments are nevertheless similar to those 
of the laser, but with an additional significant disadvan- 
tage for rivet repair in existing structures. Specifically, a 
plasma torch heats metals to extremely high temperatures 
that can unfavorably change the characteristics of the 
metal itself. This is, of course, unacceptable for bridge or 
similar structure rehabilitation. 

[0019] perhaps more troublesome, both plasma and laser cutters 
will almost always create lead paint fumes that are prob- 
lematic for the immediate workforce and the environment 
in general. Lead is the most acute environmental issue in 
bridge rehabilitation with potential inhalation being the 
biggest problem. Accordingly, methods that create, rather 



than abate, lead exposure are disadvantageous under 
such circumstances. 

[0020] Figures 1 through 6 illustrate some background aspects of 
metal construction and rivet removal. Figure 1 is a photo- 
graph taken from an existing bridge and showing the in- 
tersection of three girders and two main splice plates, and 
including several additional plies adjacent the girders and 
the splice plates, and all held together by rivets. Figure 1 
illustrates the large number of rivets required to be re- 
placed to either more firmly secure the plies to one an- 
other, or to replace one or more of the girders, or to re- 
place one or more of the splice plates. 

[0021] Figure 2 is an enlarged photograph of a rivet head that 
has corroded and is ready for replacement. 

[0022] Figure 3 is a photograph of five plies of structural compo- 
nents held together by two rivets and in which the struc- 
ture has been cut longitudinally to the rivet axis to illus- 
trate the manner in which rivets hold the plies together 
and more particularly the manner in which the rivet may 
be present in a hole which is not cylindrical, but is rather 
uneven based on the positions of the respective plies at 
the point at which they intersect with the rivet. As noted 
elsewhere herein, the lack of a cylindrical opening for the 



rivet and the interaction of the rivet with the uneven plies 
makes rivet removal particularly difficult using conven- 
tional techniques. 

[0023] Figure 4 is a photograph of a rivet hole after a rivet has 

been removed by conventional techniques and illustrating 
the relatively uneven opening that results. This uneven 
opening must be finished in some fashion using addi- 
tional tools and labor before the rivet can be replaced with 
an appropriate bolt or other fastener. 

[0024] Figure 5 is another view of several metal structural com- 
ponents joined by rivets and illustrating the remainder of 
a rivet in its hole after the head has been removed. In par- 
ticular, Figure 5 illustrates the type of damage that can be 
incurred on the face of the component using conventional 
rivet removal techniques. 

[0025] Figure 6 is another environmental photograph showing 
the intersection of five girders each of which is joined to 
the over all structure by a single splice plate. Figure 6 il- 
lustrates the large number of rivets that require removal 
in order to remove the splice plate for repair or, more typ- 
ically, replacement. 

[0026] Accordingly, a need exists for tools and techniques that 
can remove rivets more quickly, more consistently (and 



thus more predictably), and while avoiding extra steps for 

lead (or other) abatement, and for related apparatus and 

techniques that can increase the speed and predictability 

of structural rehabilitation of structures such as bridges, 

including improved methods of fabricating replacement 

components. 
Summary of Invention 

[0027] | n one aspect, the invention is a method of replacing cus- 
tom or semi-custom structural components in place in 
existing structures, particularly large metal structures 
such as bridges. In this aspect, the method comprises po- 
sitioning an x-y-z targeting device on an in situ structural 
component on a structure, sequentially moving the tar- 
geting device to a sufficient plurality of positions on the 
structural component to define the structure while trans- 
mitting x-y-z data from each sequential position to the 
processor, designing a substantially similar structural 
component based upon the transmitted position data, and 
fabricating a replica of the structural component from the 
transmitted information. 

[0028] | n another aspect, the invention is a method of replacing 
riveted metal components in place on existing metal 
structures. In this aspect, the method comprises position- 



ing a rivet removing tool at a rivet on an in situ structural 
component that is maintained in place by a plurality of 
rivets, encoding the position of the rivet removing tool at 
the rivet and transmitting the encoded position of the 
rivet to a processor, removing the rivet, sequentially mov- 
ing the rivet removing tool to each of the rivets in the 
structural component that hold the structural component 
in place, sequentially encoding the position of the rivet 
removing tool at each rivet, transmitting the encoded po- 
sition of each rivet to the processor, and removing each 
rivet with the tool when the tool is at the rivet, designing a 
replacement component based upon the encoded posi- 
tions of the rivets, and fabricating the replacement com- 
ponent based on the transmitted rivet positions. 
[0029] | n another aspect, the invention is a method of removing a 
rivet bridging two (or more) structural components with 
the rivet"s heads on respective first and second opposite 
faces of the joined components (including plies), the 
method comprising directing a water jet having a suffi- 
cient pressure (and preferably an abrasive) to cut the 
component metal at the perimeter of a rivet on the first 
face of the joined components, while vacuum-removing 
materials from the kerf in the first face that are displaced 



by the water jet to thereby prevent the displaced materials 
from being released into the ambient environment, cut- 
ting the component until the water jet penetrates entirely 
through the joined components, and thereafter vacuum 
removing displaced materials from the first and second 
faces of the joined components until the desired cut is 
complete to thereby prevent materials displaced from the 
kerf or from either face from being released into the am- 
bient environment. 
[0030] | n another aspect, the invention is an apparatus for cut- 
ting structural components in situ without releasing dis- 
placed materials, including lead paint and other poten- 
tially hazardous materials, the apparatus comprising, a 
water jet cutting head on a first face of a metal structural 
component (including joined components) for cutting into 
and through the structural component with the high pres- 
sure water jet, a first vacuum head adjacent to the cutting 
head on the first face for removing materials from the first 
face that are displaced by the water jet produced by the 
cutting head, a shrouded catcher on the second (opposite) 
face of the structural component for absorbing the water 
jet and displaced materials after the water jet penetrates 
the structural component, and a second vacuum head ad- 



jacent the second face of the component and in shrouded 
fluid communication with the catcher for removing the 
absorbed water and displaced materials from the second 
face of the structural component while preventing the wa- 
ter jet or the displaced materials from being released into 
the ambient surroundings or environment. 

[0031] | n another aspect, the invention is a rivet removal tool 
comprising a water jet head having a nozzle, means for 
moving the nozzle in three dimensions to a desired tar- 
geted position, and means for pivoting the nozzle at the 
targeted position along a defined solid sphere so that piv- 
oting movement of the nozzle compensates the disper- 
sion of the water jet to thereby reduce or eliminate fluting 
from the resulting hole in a structural component when 
the rivet is cut free therefrom. 

[0032] | n another aspect, the invention is a method of producing 
a defined cut in a structural component, the method com- 
prising moving the nozzle of a water jet cutting device in 
three dimensions to a desired targeted position on the 
structural component, and directing a flow of high- 
pressure water from the nozzle sufficient to cut the com- 
ponent while moving the nozzle in a path that falls on a 
defined solid sphere to complete a clean substantially 



cylindrical cut through the component. 
[0033] | n y e t another embodiment, the invention comprises a 
system for replacing custom or semi-custom structural 
components in situ and on-site on large (metal) structures 
that should not or can not be fully disassembled. In this 
embodiment, the invention comprises an encoding 
(digital) coordinate measuring machine for identifying and 
recording positions to which the measuring machine is 
moved, means for positioning the coordinate measuring 
device on a component to be replaced on an existing 
structure, means for removing the component from the 
structure, a processor in signal communication with the 
coordinate measuring machine for receiving encoded po- 
sition information from the measuring machine, and a 
computer numerical control cutting machine in signal 
communication with the processor for producing a re- 
placement component based on information from the 
processor. 

[0034] The foregoing and other objects and advantages of the 
invention and the manner in which the same are accom- 
plished will become clearer based on the followed detailed 
description taken in conjunction with the accompanying 
drawings. 



Brief Description of Drawings 

[0035] Figure 1 is a photograph of a splice plate and girders on 

an existing structure. 
[0036] Figure 2 is an enlarged photograph of a corroded rivet 

head. 

[0037] Figure 3 is a photograph of a cross-sectionally cut set of 
five plies and two rivets. 

[0038] Figure 4 is a photograph of a rivet hole following conven- 
tional rivet removal. 

[0039] Figure 5 is a photograph of several joined metal pieces af- 
ter a rivet head has been removed in conventional fashion. 

[0040] Figure 6 is a photograph of a portion of a bridge structure 
that includes five girders joined at a splice plate. 

[0041] Figure 7 is a side elevation view of one embodiment of the 
invention in place on a workpiece. 

[0042] Figure 8 is a perspective view of a portion of the embodi- 
ment of Figure 7. 

[0043] Figure 9 is a perspective view of another portion of the 
embodiment of Figure 7. 

[0044] Figure 10 is a partial perspective, partial cross-sectional 
view of one embodiment of the invention. 

[0045] Figure 11 is a perspective view of several embodiments of 
the invention in place on a metal structure. 



[0046] Figure 12 is a perspective view of another embodiment of 
the invention. 

[0047] Figure 13 is a perspective view of one embodiment of the 

invention on a splice plate. 
[0048] Figure 14 is a perspective view of a metal-cutting gantry 

and a paint and finishing booth used in conjunction with 

the present invention. 

[0049] Figure 15 is a schematic diagram of one embodiment of 

the invention. 
Detailed Description 

[0050] Figures 7 through 15 illustrate a number of aspects of the 
invention. In a first aspect, the invention is an apparatus 
for cutting structural components in-place without releas- 
ing displaced materials, including lead paint and other 
potentially hazardous materials. Figure 7 illustrates such 
an apparatus in one aspect in which the structural compo- 
nent is illustrated as a first girder 30, a second girder 31, 
and a reinforcing ply 32. As illustrated in Figure 7, a rivet 

33 joins the first girder 30 to the ply 32. It will be under- 
stood, of course, that a number of other rivets typically 
join such pieces together, some of which are illustrated at 

34 in Figure 7. 

[0051] The cutting apparatus includes a water jet cutting head 35 



the nozzle of which is not visible in the view of Figure 7. 
The water jet cutting head is positioned on a first face of 
the joined metal components 31, 30, and 32 for cutting 
into and through the components with the high-pressure 
water jet, which preferably carries an abrasive powder. 
The water jet can also potentially a surfactant (which re- 
duces surface tension to produce smaller droplets that in 
turn increase the coherence and velocity of the water jet) 
and a rust inhibitor. Water jet cutting heads of the basic 
type described herein are generally well understood in the 
art, although usually used (as described in the back- 
ground) in different circumstances. Some (although cer- 
tainly not all) examples are set forth in U.S. Patents such 
as Nos. 6,315,640; 6,222,155; 5,637,030; 4,872,293; and 
4,018,623. Other descriptions include Bandyopadhyay et 
al., "A Study on Use of Waterjet in Construc- 
tion, "Technology Interface, Winter 1998. Waterjet sys- 
tems, including abrasives and ultra high pressure ("UHP") 
pumps, are also commercially available, either from the 
assignees of one or more of the above patents or from 
other sources such as OMAX Corporation of Kent, Wash- 
ington, USA. 

[0052] Th e invention includes the pump housing 36 which is at- 



tached to respective tubes 37 and 40 which supply air and 
water to the pump head and to the water jet cutting head 
35 along with (in preferred embodiments) an abrasive 
which is supplied to the cutting head 35 through the hose 
41. 

[0053] The drive and gear housing 36 and the cutting head 35 

are mounted on a bracket 43 which in turn is aligned on a 
rivet by means of an opening 44 (Figure 9). The bracket 
43 thus serves as one method or means for aligning the 
cutting head 35 on a rivet on the structural components 
30, 31 and 32. In Figure 7, the bracket 43 obscures the 
position of the rivet being cut, but it is of course analo- 
gous to the position of the illustrated rivet 33. 

[0054] The apparatus next includes a first vacuum head broadly 
designated at 45 that is adjacent the cutting head 35 on 
the first face of the structural component 31 for removing 
materials from the first face that are displaced by the wa- 
ter jet that is produced by the cutting head 35. As noted 
in the background portion of the specification, in addition 
to the metals that are being removed as a hole is being 
cut in the structural components, the vacuum head 45 ad- 
vantageously removes any coating on the structural mate- 
rials in the kerf path particularly including lead paint. 



Thus, the lead paint can be removed concurrently with the 
cutting of the hole, thereby eliminating one of the more 
labor-intensive steps in the conventional process, while in 
most circumstances eliminating the need for lead abate- 
ment. 

[0055] Figures 7 and 8 illustrate that the apparatus further in- 
cludes a shrouded catcher 46 on the second or opposite 
face of the joined structural components 30, 31 and 32 
for absorbing the water jet, the abrasive, and displaced 
materials after the water jet penetrates the structural 
component. In this regard, it will be understood that the 
water jet operates at extremely high pressures, for exam- 
ple up to about 55,000 lbs. per square inch (psi). Accord- 
ingly, in preferred embodiments the shrouded catcher is 
formed of a material that has the required strength to ab- 
sorb such force and in the more preferred embodiments is 
formed of an appropriately strong metal alloy such as 
boron carbide or an appropriate ceramic or ceramic com- 
posite. 

[0056] a second vacuum head 47 is adjacent the second face of 
the joined components 30, 31 and 32 and is in shrouded 
fluid communication with the catcher 46 for removing the 
absorbed water and displaced material from the second 



face of the structural components while preventing the 
water jet or the displaced materials from being released 
into the ambient surroundings or environment. As part of 
the removal apparatus, the first vacuum head 45 is in 
communication with an appropriate vacuum hose 50, and 
the second vacuum head 47 in similar communication 
with a second vacuum hose 51. In preferred embodi- 
ments, the hoses 50 and 51 are in communication with a 
common vacuum pump for purposes of simplicity and in- 
efficiency. 

[0057] | n order to make the apparatus convenient for use, it 
preferably includes magnets adjacent the cutting head 
and the shrouded catcher for mounting these elements to 
the structural components which, in rivet removal situa- 
tions, are typically formed of metal. Figures 7 and 9 illus- 
trate a first magnet 52 that maintains the bracket 43 and 
thus the cutting head 35 on the first face of the joined 
components and a magnet (or magnets) 53 on or adjacent 
the shrouded catcher 46 for mounting the catcher 46 to 
the opposite face of the structural components 30, 31 and 
32. The magnets are illustrated as permanent magnets in 
Figures 7, 8 and 9, but can comprise electromagnets as 
may be desired or necessary. 



[0058] Figure 8 illustrates a number of the same elements as Fig- 
ure 7 but from a rear perspective rather than a side eleva- 
tion view. 

[0059] Figure 9 illustrates that the drive and gear housing 36 and 
cutting head 35 are detachable from the first vacuum 
head 45 and that the rivet aligning means, illustrated in 
this embodiment as the hole 44 in the bracket 43, is fixed 
to the first vacuum head 45. 

[0060] The apparatus illustrated in Figures 7, 8 and 9 thus facili- 
tate a method of removing a rivet bridging two (or more) 
structural components with the rivet"s heads on respec- 
tive first and second opposite faces of the joined compo- 
nents (including plies). In this aspect, the invention com- 
prises directing a water jet having a sufficient pressure to 
cut the component metal at the perimeter of the rivet on 
the first face of the joined components. The nature of the 
water jet is such that it can cut an opening of almost any 
size as may be desired, but typically will cut a circle, and 
thus a cylindrical hole, sufficient to remove the rivet, while 
avoiding removal of excess beneficial structural metal. In 
preferred embodiments, the component metal is cut 
around the entire perimeter of the rivet until the rivet is 
free of the component, after which the freed rivet is re- 



moved from the component. 

[0061] | n these method aspects of the invention, the water jet is 
directed at the component while concurrently vacuum re- 
moving materials from the kerf in the first face that are 
displaced by the water jet to thereby prevent the displaced 
materials from being released into the ambient environ- 
ment, then cutting the component until the water jet pen- 
etrates entirely through the joined components, and 
thereafter vacuum removing displaced materials from the 
first and the second faces of the joined components until 
the desired cut is complete to thereby prevent materials 
displaced from the kerf or from either face from being re- 
leased into the ambient environment. 

[0062] As set forth with respect to the apparatus aspects, the 

method can include incorporating an abrasive (e.g. garnet) 
in the water jet to thereby increase, or otherwise differen- 
tiate the cutting capacity of the jet as compared to water 
alone. Additionally, the step of vacuum removing materi- 
als from the respective first and second faces comprises 
shrouding the first face and shrouding the second face to 
prevent the release of displaced materials or the high- 
pressure water jet into the ambient environment. 

[0063] Figure 10 is a partial perspective, partial cross-sectional 



view of a number of the elements illustrated in Figures 7, 
8, and 9. Some of the elements are identical including the 
water jet cutting head 35, the hose supplying the abrasive 
41, the bracket 43, the first magnet 52, the first vacuum 
head 45, the second set of magnets 43, the shrouded 
catcher 46, and the second vacuum head 47. A number of 
these elements are designated more broadly in Figure 10 
because of its larger scale and greater detail. 

[0064] Figure 10 illustrates a rivet 55 that has three characteristic 
portions: the shank 56 the first head 57, and the opposite 
head 60. The rivet 55 joins the layers of material respec- 
tively labeled as 61 through 64. As noted in the Back- 
ground portion of the specification (e.g. Figure 3), al- 
though Figure 10 illustrates the rivet and the hole as be- 
ing perfectly cylindrical, in actual practice the various lay- 
ers 61, 62, 63, and 64 are typically slightly offset from 
one another. As a result, the shank 56 of a typical rivet 55 
is not an ideal cylinder and instead interlocks with the off- 
set plies in a manner that makes removing the rivet by 
conventional techniques relatively difficult. 

[0065] Figure 10 further illustrates the nozzle 65 that is shown 
slightly exploded from the water jet cutting head 35. It 
will be understood that this is for purposes of clarity in 



the illustration and that in actual practice the items are 
joined to one another with fittings suitable for high pres- 
sure. Portions of the nozzle 65, particularly its tip, are 
typically formed of sapphire in order to resist the erosive 
capability of the water jet (and potentially an abrasive) for 
a reasonable number of operating hours. 

[0066] Figure 10 also illustrates that the shrouded catcher 46 

consists of a frustoconical portion 67 in an outer housing 
70. The frustoconical portion 67 absorbs some of the ini- 
tial energy of the water jet and displaced materials and 
directs them to a strike plate 71 at a lower position in the 
housing. The strike plate 61 also deflects the flow of ma- 
terials in a manner that makes it easier to carry them off 
through the second vacuum head 47. 

[0067] | n preferred embodiments, the water jet head 35 and the 
nozzle 65 include means for moving the nozzle 65 in 
three dimensions to a desired targeted position and 
means for pivoting the nozzle 65 at the targeted position 
along a defined solid sphere so that pivoting movement of 
the nozzle 65 compensates the dispersion of the water jet 
to thereby reduce or eliminate fluting from the resulting 
hole in the structural component. 

[0068] | n preferred embodiments, the nozzle moving means is 



selected from the group consisting of multistage gantries 
(Figure 12) and articulating arms (Figures 11 and 13). 
Functionally, the pivoting means offsets the nozzle 65 
from a main axis (typically the main axis of the cutting 
head 35) and rotates the nozzle 65 about the main axis so 
that the nozzle 65 can be positioned in the main axis and 
rotated into any desired angle in a first plane normal to 
the main axis. 

[0069] The movement of the nozzle in this manner can be ac- 
complished by incorporating a number of well-known 
structures and techniques. These are typically referred to 
in the art in terms of multiple axes of movement, e.g. 
"5-axis"or "6-axis"tools. Of course, any position in real 
spacecan be defined in terms of three dimensions 
(typically expressed as x, y, and z). Thus the extra axes of 
movement referred to are often used to define the further 
rotational or sub-movement of a portion of a device 
(typically a tooling head) that has already been moved to a 
defined position. U.S. Patent Nos. 6,622,575; 6,612,143; 
6,590,212; 6,618,514; 4,101,405 and 3,559,529, al- 
though not directly related to rivet removal, are exemplary 
of the use of such terms to describe tool movements, and 
demonstrate that the required mechanical movements and 



structures are well- understood in this and other arts. Such 
movements and tools are also generally commercially 
well-understood; e.g. FIDIA S.p.A. of San Mauro Torinese, 
Italy and FIDIA Co. of Hoffman Estates, IL and Troy, Ml 
(USA). 

[0070] Because many, and sometimes all, of the rivets in a given 
structure will be the same size, in the more preferred em- 
bodiments the movement of the pivoting means is me- 
chanically fixed based on the defined rivet size. Thus, al- 
though devices for moving the nozzle in multiple axes can 
be designed that have a wide range of motion, in the in- 
vention the design can limit the motion, and thus simplify 
the mechanical design and reduce the size to permit ac- 
cess to tight geometry positions while still providing the 
desired movement of the nozzle. 

[0071] The purpose of the pivoting means is well understood by 
those familiar with the cutting arts, including laser cutting 
and plasma arc cutting. Specifically, in each of these tech- 
niques that cutting medium (the arc, the laser beam, or 
the water jet) will begin to disperse immediately upon exit 
from the source. Because the cut is made through a de- 
fined length or width of metal, this dispersion will result, 
if left unattended, in a hole that it is not perfectly cylindri- 



cal, but instead is wider in diameter at the bottom than at 
the top. This is referred to as "fluting"or "trumpeting" of 
the opening and in many cases is desirably avoided. The 
multiple axis movement capability of the nozzle compen- 
sates for the dispersion by tilting the nozzle slightly as it 
rotates so that the dispersion is directed either perpen- 
dicularly to the surface or inwardly towards the center axis 
of the eventual opening. In this manner, the apparatus can 
provide an almost perfectly cylindrical cut under a number 
of different conditions. 

[0072] This mechanical capability also provides additional 

method aspects of the invention. These comprise moving 
the nozzle of the water jet cutting device in three dimen- 
sions to a desired targeted position on the structural 
component and then directing a flow of high pressure wa- 
ter from the nozzle sufficient to cut the component while 
moving the nozzle in a path that falls on a defined solid 
sphere to complete a clean, substantially cylindrical cut 
through the component. 

[0073] | n more detail, the method comprises moving the water 
jet nozzle to a rivet in the structural component, piercing 
the rivet with the water jet, and then making a circular cut 
in the component around the rivet while moving the noz- 



zle in the path that falls on the defined solid sphere to 
thereby minimize or eliminate fluting in the resulting cir- 
cular opening in the component. As in the other method 
aspects of the invention, the method can include shroud- 
ing the cut, vacuuming to remove the materials from both 
faces of the component, moving the nozzle on a plurality 
of gantry stages or an articulated arm or arms, and adding 
a flow of abrasive to the flow of high pressure water. 

[0074] | n a preferred embodiment, the nozzle is positioned at or 
near the center of the rivet to be removed. The water jet is 
then used to "pierce"the rivet; i.e. cut a jet-sized opening 
entirely through the rivet. The water jet is then directed in 
a "leading in"path from the center piece to the circumfer- 
ence of the rivet"s shank. Finally, the water jet is then di- 
rected around the circumference of the shank to complete 
a circular cut and remove the rivet. In the more preferred 
embodiments, the piece and circular cuts incorporate a 
spherical (multi-axis) movement of the type described 
above, and the circular cut is preferably carried to about 
367° or 368° in order to "clean up"the overall cut. 

[0075] Figures 11, 12, 13, and 14 illustrate additional aspects of 
the method and apparatus of the invention. Figure 11 is a 
perspective view of several embodiments of the invention 



in various positions on a bridge structure that includes 
four girders being joined together at two splice plates. For 
purposes of illustration, the girders are respectively num- 
bered as 73, 74, 75, and 76 and the splice plates are des- 
ignated at 77 and 80. A first apparatus according to the 
invention is positioned on the splice plate 77. It includes 
common elements previously described including the 
drive and gear housing 36, the cutting head 35 and the 
bracket 43. It will be understood that Figure 11 can repre- 
sent three different situations that can be carried out ei- 
ther separately or concurrently. Accordingly, Figure 11 
also illustrates a second drive and gear housing 36" a sec- 
ond bracket 43" on a rivet 81 along with the shrouded 
catcher 46" the appropriate magnets 53" and a vacuum 
head 45". These elements are positioned on a horizontal 
portion of girder 76 and a third apparatus according to 
the invention is oriented vertically on the girder 76, and it 
will be understood that the elements are similar to those 
already described, but simply in a different orientation. 
Figure 11 also illustrates an appropriate power source 82 
that can include some controls for the apparatus. 
[0076] | n Figure 11, the drive and gear housing 36 and the cut- 
ting head 35 are mounted or one or a system of articulat- 



ing arms that are broadly designated at 83. The use of the 
articulating arms together with the water jet head 35 as 
the rivet removing tool provides a method of replacing 
custom or semi-custom structural components such as 
the splice plates 77 in place on existing structures such as 
the bridge portion indicated by the girders in Figure 11. In 
this aspect, the method comprises positioning an X-Y-Z 
(i.e., three-dimensional) targeting device on a structural 
component in place on a structure. As used herein, the 
term "targeting device" refers to any device that can iden- 
tify its position in three dimensions so that such position 
can be recorded or used in some other fashion. In the em- 
bodiment illustrated in Figure 11, the articulating arm 
system 83 includes a plurality of pivot joints that are re- 
spect fully designated at 84, 85, 86, 87, 88, and 89. 
[0077] such articulating arms are generally well understood in a 
variety of arts and will not be described in further detail 
herein and are likewise generally commercially available. 
They operate in conjunction with one or more hydraulic 
(or air actuated or pneumatic) cylinders several of which 
are illustrated in Figure 11 at 92, 93, and 94. Each of the 
pivot joints preferably contains a rotary movement sensor 
that has the capability to digitally encode its degree of 



relative movement. Additionally, the articulating arms can 
include linear position sensors. Accordingly, when the ar- 
ticulating arms system 83 is moved to a given position, it 
reaches such positions through the movement of one, 
several, or all of the pivot joints 84-89 and thus the sen- 
sors in such joints (and potentially arms) can identify the 
position of the cutting head 35 accurately in three dimen- 
sions. 

[0078] Rotary position sensors are also generally well- 
understood in the art and commercially available from nu- 
merous sources, of which Positec Limited (Cheltenham, 
UK) and Novotechnik (Ostfildern, DE and Southborough, 
MA, USA) are but two examples. 

[0079] stated more simply, once the articulating arms and 83 are 
fixed to the structure, the position of the cutting head 35 
can be easily determined and digitally recorded. 

[0080] Accordingly, in the next step in this aspect of the inven- 
tion, the method comprises sequentially moving the tar- 
geting device, here the rivet removal tool, to a sufficient 
plurality of positions on the structural component (the 
splice plate 77 in Figure 11) to define the structure while 
transmitting the x-y-z data from each sequential point to 
a processor. Once the data has been transmitted, the 



method comprises designing and a substantially similar 
structural component based upon the transmitted position 
data and fabricating a replica of the structural component 
from the transmitted information. 

[0081] | n the context of bridge rehabilitation, the method com- 
prises positioning the rivet removal tool on a metal com- 
ponent of a metal structure and fabricating a metal replica 
of the structural component. The method is, of course, 
not limited to use on metal components. In a next logical 
step, the method comprises removing the defined struc- 
tural components such as the splice plate 77 from the 
structure and replacing it with the replica component. 

[0082] where necessary to identify the specific shape of the com- 
ponent, the method can further comprise sequentially po- 
sitioning the targeting device on a sufficient number of 
positions adjacent the perimeter of the component to 
substantially define the perimeter of the component and 
then designing the similar structural component with a 
substantially similar perimeter based upon the transmit- 
ted perimeter data. It will be understood that in some cir- 
cumstances, the nature and position of the components 
such as the splice plate 77 is such that its entire perimeter 
must be carefully mapped and transmitted for replace- 



ment. In other circumstances, however, and Figure 11 is 
illustrative of such a case, portions of the perimeter need 
not be identical in order to provide an appropriate re- 
placement component. In such circumstances, the articu- 
lating arms system 83 and targeting device (or their func- 
tional equivalents) must be moved to and positioned at a 
sufficient portion of the perimeter to fabricate an appro- 
priate replacement piece, but does not need to exactly 
trace the entire perimeter. 
[0083] Because the invention can incorporate the rivet removing 
aspects of the invention as described earlier, the method 
preferably comprises replacing riveted metal components 
in place on existing metal structures. In this aspect, the 
method comprises positioning the rivet removing tool at a 
rivet on a structural component that is maintained in place 
by a plurality of rivets. The method comprises encoding 
the position of the rivet removing tool at the rivet and 
transmitting the encoded position of the rivet to a proces- 
sor, removing the rivet, then sequentially moving the rivet 
removing tool to each of the rivets on the structural com- 
ponent that hold the structural component in place, se- 
quentially encoding the position of the rivet removing tool 
at each rivet, transmitting the encoded position of each 



rivet to the processor, and removing each rivet with the 
tool when the tool is at the rivet. The method then com- 
prises designing a replacement component based upon 
the encoded positions of the rivets (and potentially other 
information such as the perimeter) and then fabricating 
that replacement component based on the transmitted 
rivet positions. 

[0084] | n preferred embodiments, the articulating arms system 

83 either is or functionally serves as a coordinate measur- 
ing machine that sends the required information to the 
processor and the step of fabricating the replacement 
comprises fabricating the replacement on a computer nu- 
merical control ("CNC") machine. Coordinate measuring 
machines ("CMM"s") are likewise well understood in the art 
as exemplified by both recent (e.g. No. 6,622,114) and 
older (e.g. Nos. 3,393,459 and 3,386,174) patents. In re- 
cent years, CMMs have replaced more traditional mea- 
surement or inspection techniques (e.g. gauges) and are 
rated based on their measuring range and accuracy. CMMs 
are commercially available from numerous sources, of 
which Brown & Sharpe of North Kingstown, Rl is one ex- 
ample. 

[0085] | n preferred embodiments, the computer numerical con- 



trol machine is a gantry-based machine selected from the 
group consisting of plasma arc cutting machines and laser 
cutting machines. Because the replaced component is typ- 
ically used in place on an outdoor structure, the step of 
fabricating the replacement component can comprise 
painting the replacement component, although those fa- 
miliar with structural metal will recognize that some alloys 
will oxidize to a desired extent and form a protective 
coating without paint. The invention thus incorporates 
both aspects. 

[0086] cnc machines are likewise well-understood in the art and 
commercially available. The "Alpharex"laser cutting sys- 
tem from ESAB (Florence, SC) is one (of potentially many) 
example as are U.S. Patent Nos. 6,222,155 and 
6,076,953. 

[0087] Figure 12 illustrates another aspect of the invention in 

which the cutting head 35 is positioned on a workpiece 95 
using three separate hand-operated stages that are re- 
spectively designated at 96, 97, and 100. Each of the il- 
lustrated stages is hand-cranked using the respective 
handles 101, 102, and 103, but it will be understood that 
the stages could be mechanically advanced using servo 
drive electric motors and associated switches and con- 



trols. The respective stages can be clamped in place with 
clamps 104 and 105 being illustrated with respect to the 
stage 96. Figure 12 thus illustrates that the method of the 
invention can be carried out with hand or operator use of 
the positioning system rather then an automated one such 
as illustrated in Figures 11 and 13. 
[0088] Figure 12 also illustrates that the step of positioning the 
rivet removal tool on a rivet can take advantage of the fact 
that many, even if not all, of the rivets on structural com- 
ponents being replaced will be positioned in regular or 
repetitive patterns; e.g. a fixed distance from center to 
center. Accordingly, once the centers of one or a few such 
rivets are identified by the targeting device, the positions 
of the remainder can be quickly and accurately calculated 
or predicted. Calculating the rivet"s position, rather than 
simply observing it, becomes useful in those frequent 
cases in which the rivet head has become corroded, thus 
making the rivet"s center difficult or impossible to locate 
visually. In turn, finding the rivet"s centerand removing it 
on that basis — provides the opportunity to minimize off- 
center cuts and the resulting wasted efforts and larger 
holes that must be cut in order to remove the remainder 
of a rivet for which the position was misidentified. 



[0089] | n particular, when the positions of the initially-identified 
rivets are encoded in the manner discussed herein, the 
predicted or calculated positions of additional rivets can 
be provided to an operator in an appropriate output, for 
example a heads-up display. This allows the operator to 
move as quickly as possible from rivet to rivet while mak- 
ing the most accurate cuts for removal purposes. 

[0090] Figure 13 is another view of the articulating arm system 

83 on the splice plate 77 and illustrating a plurality of riv- 
ets 106, a plurality of holes cut by the rivet removal tool 
107, and a plurality of bolts 110 that are typically used to 
replace rivets in modern structural (bridge) rehabilitation. 
All of the other elements in Figure 13 are identical to 
those illustrated in Figure 11, and thus their descriptions 
will not be repeated herein in detail. 

[0091] Figures 14 and 15 illustrate additional aspects of the in- 
tervention. In particular, Figures 14 and 15 illustrate that 
the invention also includes a system for replacing custom 
or semi-custom structural components in place and on- 
site on large metal structures, such as bridges, that 
should not or cannot be fully disassembled. In this em- 
bodiment, the invention comprises an encoding 
(preferably digital) coordinate measuring machine for 



identifying and recording positions to which the measur- 
ing device is moved, means for positioning the coordinate 
measuring device on a component to be replaced on an 
existing structure, means for removing the component 
from the structure, a processor in signal communication 
with the coordinate measuring machine for receiving en- 
coded position information from the measuring machine, 
and a computer numerical controlled ("CNC") cutting ma- 
chine in signal communication with the processor for pro- 
ducing a replacement component based on information 
from the processor. 
[0092] Figure 14 is a perspective view of some, but not all of 

these elements, while Figure 15 is a schematic view of the 
elements. Figures 14 and 15 incorporate similar reference 
numerals to the previous Figures wherever possible. It will 
be understood, of course, that Figure 15 is schematic and 
thus not drawn to scale, but instead illustrates the inven- 
tion in a manner that highlights its basic features, func- 
tion, and operation. In Figure 15, a workpiece is again 
designated at 77 to correspond to the splice plates illus- 
trated in Figures 11 and 13. The rivet is broadly desig- 
nated at 55 in a manner consistent with Figure 10 and the 
rivet"s components are again respectfully designated as 



57 for the first head, 60 for the second head, and 56 for 
the shank. The articulating arm system illustrated in Fig- 
ures 11 and 13 is shown schematically at 83 in Figure 15 
in the form of the x-y-z axis diagram. The coordinate 
measuring machine is designated at 112 and is in signal 
communication with a processor 113 through an appro- 
priate signal channel 114. In many circumstances, the 
channel 114 will be an appropriate wire or cable, but 
given the rapid adoption of wireless standards for trans- 
mitting digital information between components over rel- 
atively short distances (e.g. 802.11b or "WiFi"), it will be 
understood that a physical connection between these ele- 
ments is not required. The processor 113 can be any pro- 
cessor that is appropriate for the data being received and 
produced. As well known and understood by those of or- 
dinary skill in this art, many of the software programs for 
computer numerical cutting machines and coordinate 
measuring machines are entirely compatible with conven- 
tional desktop or laptop personal computers and more 
sophisticated systems are not generally required unless 
some specific need exists for them. Accordingly, the na- 
ture of the processor and the software will not be dis- 
cussed in detail herein given that these are widely and 



commercially available elements. 

[0093] Figure 15 illustrates a computer numerical controlled cut- 
ting machine at 115 which is likewise in signal communi- 
cation with the processor through the cable 116 which, as 
noted with respect to cable 114, can be replaced by an 
appropriate wireless transmitter and receiver. 

[0094] | n accordance with the method aspects of the invention, 
the removal of the splice plate 77 and its replacement are 
carried out by removing the respective rivets, and there- 
after using any appropriate mechanical lifting device 
which Figure 15 schematically illustrates as the crane 117 
to both remove the splice plate 77 from the existing 
structure and replace it with the new splice plate that is 
cut by the computer numerical controlled cutting machine 
115. 

[0095] | n preferred embodiments, the component replacement 
system according to the invention further comprises fin- 
ishing means for applying a protective coating to the re- 
placement piece. Figure 14 illustrates this as the paint 
booth and flash oven 120 which are positioned immedi- 
ately adjacent to the computer numerical controlled cut- 
ting machine which is again designated at 115. In opera- 
tion, the processor 113 designs the replacement piece 



(splice plate 77" in Figure 14) based on the encoded infor- 
mation from the measuring machine 112 and sends the 
design of the replacement piece to the computer numeri- 
cal controlled cutting machine 115 to thereby produce a 
substantially identical replica of the removed piece. 
[0096] | n preferred embodiments, the computer numerical con- 
trolled cutting machine 115 and the paint booth and flash 
oven 120 are housed in respective containers 122 and 
124 that are of the size and shape that are consistent with 
those used in the shipping and trucking industries. In this 
manner, these elements can be transported and moved 
into place on site at the structure being rehabilitated. Ac- 
cordingly, with these elements in place the rivet removal 
tool can remove the rivets while concurrently mapping the 
shape of the replacement piece which can then be manu- 
factured all on-site immediately and placed back into po- 
sition and fixed in place in a matter of hours or even min- 
utes as compared to days or weeks using conventional 
methods. 

[0097] | n the drawings and specification there has been set forth 
a preferred embodiment of the invention, and although 
specific terms have been employed, they are used in a 
generic and descriptive sense only and not for purposes 



of limitation, the scope of the invention being defined in 
the claims. 



